The Japan Aerospace Exploration Agency (JAXA) is studying the feasibility of using the solar power sail as a new propulsion engine for deep space exploration missions. In this paper, the sail shape and equipment layout for missions utilizing small-sized solar power sails are proposed. The two-stage deployment method of the sail is also proposed. The sail need to be deployed statically at the first stage, and two types of deployment mechanisms are introduced. On the other hand the second stage of the deployment can be performed dynamically, and the oscillating motion of the membrane is converged by tethers connecting the membrane to the main body. The deployment motions are analyzed by numerical simulations using multi-particle models in order to verify the deployment. They are compared with the results calculated by finite element method models. The numerical simulation results are discussed from the technological viewpoint of the sail deployment dynamics and mechanisms.
Introduction
The solar sail is a propulsion engine that uses no fuel because it can receive photon momentum. The Japan Aerospace Exploration Agency (JAXA) proposes the use of the solar power sail as a new propulsion engine for deep space exploration missions. It can be a hybrid engine if the ion-propulsion engines, whose specific impulse is very high, are driven by the solar cells on the membrane.
JAXA is studying two missions to evaluate the performance of the solar power sails shown in Fig. 1 . The first mission will take place in the early 2010s, and it will involve less technical and financial risk than the second mission. The small-sized solar power sail has been selected for this mission since it is the least costly alternative. The minimum success criteria for this sail are the trouble-free deployment of the sail whose diagonal distance is 20m (φ20m sail), and the reliability of the electric power supply that uses the solar cells on the membrane. The full success criteria for the sail are the achievement of satisfactory acceleration and navigation on the first use of the photon sail. The second mission will take place in the late 2010s. It will involve the medium-sized solar power sail having a diameter of 50m (φ50m sail), and integrated with ion-propulsion engines. The destinations of the spacecraft will be Jupiter and the Trojan asteroids.
Some kinds of deployment methods have been investigated. 1, 2) JAXA is studying the spinning type, in which the membrane is deployed and kept flat by the centrifugal force. This deployment method is expected to be accomplished with simpler and lighter-weight mechanisms than other methods because it does not require rigid structural elements. The authors of this paper have been demonstrating this method. The dynamic deployment of a φ10m sail was performed successfully using an S-310 sounding rocket on 08/2004.
3) The static deployment of a φ20m sail was demonstrated using a high altitude balloon on 08/2006. 4) In the first half of this paper, the sail shape and equipment layout for missions utilizing small-sized solar power sails are proposed. The two-stage deployment method of the sail is introduced. The sail need to be deployed statically at the first stage, and two types of deployment mechanisms for continuous deployment and divided deployment are also introduced. The second stage of the deployment can be performed dynamically.
In the second half of this paper, the deployment motions are analyzed by numerical simulations in order to verify the deployment. The multi-particle models and FEM (finite element method) models for the deployment analysis of first and second stages are shown respectively. The motions calculated by the multi-particle models are compared with those calculated by the FEM models. The feasibilities of continuous deployment, divided deployment at the first stage and dynamic deployment at the second stage are examined by the numerical simulations considering the initial nutation, tilt angle and mass center offset of the main body and damping of the tether connecting the membrane to the main body. 
The sail
The proposed sail shape and equipment layout is shown in Fig. 2 . Membrane: The shape of the membrane is a square whose diagonal distance is 20m. It consists of four trapezoid petals. They are connected with one another by bridges. The direction of folded lines is perpendicular to the direction of the centrifugal force. It is made of polyimide whose thickness is 7.5μm. It is relatively easy to produce. Tether: The membrane should not contact the main body after the deployment. The membrane is connected to the main body by tethers. Tip mass: Four masses are attached to the four tips of the membrane. The tip masses adjust the centrifugal force and the inertial momentum of the membrane. Thin film solar cell: Several a-Si (amorphous silicon) cells are attached to certain areas of the membrane. The area ratio with respect to the membrane is 5%. Steering device: Some variable reflectance elements are loaded near the tips of the membrane. They can switch specular and diffuse reflection by power on/off. The spin direction can be controlled by the solar pressure torque as shown in Fig. 3 . 
Deployment
The proposed deployment method of the sail is shown in Fig. 4 . It consists of two stages. In the folded configuration, each petal is line-shaped and rolled up around the satellite as shown in (1) . In the first stage, the rolled petals are extracted like a Yo-Yo despinner, and form a cross shape. The shape is maintained by stoppers as shown in (3). In the second stage, the stoppers are released and each petal expands to form a square shape. If the first stage of the deployment is performed dynamically, each petal would be twisted around the main body just after the deployment. Therefore, the first stage of the deployment needs to be performed statically. On the other hand, the second stage of the deployment can be performed dynamically.
This paper introduces two types of deployment mechanisms. Fig. 5 shows a continuous deployment mechanism. The Yo-Yo despinner is restricted by a stopper. Each stopper slowly rotates relative to the main body to deploy each petal continuously during the first stage of the deployment. The second stage of the deployment is initiated by releasing four stoppers after the first stage of the deployment. Fig. 6 shows a divided deployment mechanism. Each petal is held by several stoppers, which are properly aligned. The petals are deployed step-by-step in the first stage of the deployment by releasing stoppers 1-5 in numerical order. The petals are deployed dynamically in the second stage of the deployment by releasing stopper 6. This mechanism is relatively simple; however, the deployment sequence in the first stage is complicated.
The deployment sequence is defined as follows: 1) Separation from rocket with slow spin (0.21rad/s) 2) Release of launch lock 3) Spin up using RCS (0.21rad/s -> 3.77rad/s) 4) First stage of the deployment (3.77rad/s -> 1.33rad/s) 5) Spin down using RCS (1.33rad/s -> 0.81rad/s) 6) Second stage of the deployment (0.81rad/s -> 0.32rad/s) 7) Spin down using RCS (0.32rad/s -> 0.10rad/s) 8) Control of spin direction using RCS and steering devices The spin rate is decreased in the first and second stages of the deployment because the inertial momentum of the sail is increased. 
Deployment Motion Analysis by Numerical Simulations

Mass property
In this chapter, the deployment motion of the sail is verified by numerical simulations. The motions of four petals are independent of one another.
There are two sail models. In multi-particle model, each petal consists of 32 particles and the tip mass is assumed as a particle. These particles are assumed to be connected by springs. The spring constants are derived by the principle of virtual work, so as to rationally satisfy the relations of displacement energy. The damping coefficient of the membrane is equal to zero. If the membrane is slacked (L<L 0 ; L and L 0 are the actual and base distances between two particles, respectively), the tension becomes zero.
In FEM model, each branch is modeled by the finite Timoshenko beam elements with variable element length. The axial, bending, transverse-shear and torsional stiffness of each branch are taken into account in this model. The number of the beam element is fixed during the first stage of the deployment. The unstressed length of each beam element elongates gradually, so that the length of the branch is extended during the deployment.
The difference between these models is that the FEM model can consider the effect of the bending of the branch while the multi-particle model cannot.
There is another difference. The multi-particle model employs the explicit Runge-Kutta-Gill scheme for numerical time integration. In the simulations of multi-particle model, the time stepping size is enough small to converge the deployment motion. The FEM model employs the energy-momentum method. 6, 7) In all simulations of multi-particle and FEM models, it is confirmed that the linear and angular momentums are conserved. Membrane tension 
Results of first stage of the deployment
Considering the deployment sequence, the initial conditions of numerical simulation for the first stage of the deployment are set as follows: Initial spin rate: 3.77rad/s Initial nutation angle: 5deg Fig. 8 shows pictures of the continuous deployment motion using multi-particle model. In this case, it is supposed that each petal is deployed in 120 seconds at a constant speed. Fig. 9 shows the graphs of spin rate, attitude angle and tip angles of the first stage. Tip angles (in-plane and out-of-plane) are defined in Fig. 10 . Fig. 9 (a) shows the continuous deployment motion using multi-particle model. The spin rate is decreased because the inertial momentum of the sail is increased during the continuous deployment (0-120sec), and it becomes constant after the deployment. The attitude angle and tip angles (in-plane and out-of-plane) are oscillating. They are not converged because the membrane damping is zero. The tip angle (in-plane) is increased just after the continuous deployment (120sec). It is, however, not more than 20deg (< 45 deg). Thus each stopper does not collide with each petal if it is released as shown in Fig. 5 . Fig. 9 (b) shows the continuous deployment motion using FEM model. The spin rate, attitude angle calculated by FEM model are nearly equal to those calculated by multi-particle model, respectively. The tip angles (in-plane and out-of-plane) become smaller due to bending stiffness. However, the effect of bending stiffness on the continuous deployment motion is little, because it is enough small. If it becomes larger, the vibration of tip angle (in-plane) becomes smaller. Fig. 9 (c) shows the divided deployment motion using multi-particle model. In the case that the deployment is divided into 5 and that stoppers are released every 800 seconds. The spin rate, attitude angle and tip angles (in-plane and out-of-plane) are oscillating drastically just after every stopper is released. There is a possibility that the petals collide with each other, since the maximum amplitude of the tip angle (in-plane) is 120deg. The vibration amplitudes can be decreased if the division number is increased or dampers are included. The deployment mechanism becomes, however, complicated.
These results show that the continuous deployment at the first stage is feasible in the condition that the initial nutation, tilt angle, mass center offset of the main body are not zero and the membrane damping is zero. On the other hand, the feasibility of the divided deployment is dependent on the division number and dampers. (c) Divided deployment using multi-particle model Four petals are connected with one another by bridges. The membrane is connected with the main body by 16 tethers.
There are two sail models. In multi-particle model, each petal consists of 134 particles and the tip mass is assumed as a particle. The density of the membrane is constant. These particles are assumed to be connected by springs. Each tether consists of 4 particles. The particles of the tether are assumed to be connected by springs and dampers. The damping coefficient of the tether is enough small, but not zero. If the tether is slacked, the tension becomes zero.
The FEM model is the finite element plane stress model based on the tension field theory. The membrane is assumed to be isotropic and to be unable to bear compressive stress. At the moment that the principal stress gets negative, the stress is set to be zero.
The essential difference between the multi-particle model and the FEM model is as follows; The multi-particle model assumes that the stress in the direction along each spring depends only on the strain in the same direction, so that the elasticity matrix (stress-strain relation matrix) is approximated to be diagonal. On the other hand, the FEM model can take into account the effect of the strain in the orthogonal direction because it is the plane stress model. 
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Each tether consists of 4 particles 0.20m 
Results of second stage of the deployment
Considering the deployment sequence, the initial conditions of numerical simulation for the second stage of the deployment are set as follows: Initial spin rate: 0.81rad/s Initial nutation angle: 5deg Fig. 12 shows pictures of the nominal motion using multi-particle model. The second stage of the deployment is conducted dynamically. The sail is expanded dynamically in a few seconds. After that, it does not collide with the main body. Fig. 13 shows the graphs of spin rate, attitude angle and tip angles of the second stage. Tip angles (in-plane and out-of-plane) are defined in Fig. 14 . Fig. 13 (a) shows the nominal motion using multi-particle model. The spin rate, attitude angle and tip angles (in-plane and out-of-plane) are changed dramatically just after the deployment start. The vibrations of spin rate and tip angles (in-plane) are converged by tether damping. On the other hand, the attitude angle and tip angle (out-of-plane) are not converged because the tilt angle (product of inertia) of the main body is not zero and the membrane damping is zero. Fig. 13 (b) shows the nominal motion using FEM model. The spin rate, attitude angle and tip angles (in-plane and out-of-plane) calculated by FEM model are nearly equal to those calculated by multi-particle model, respectively. Fig. 13 (c) shows the motion in the case of no tilt angle (product of inertia) of main body using multi-particle model. The attitude angle is decreased. The average of tip angle (out-of-plane) is zero. They are converged to zero, if the membrane damping is not zero. Fig. 13 (d) shows the motion in the case of no mass center offset of the main body using multi-particle model. The attitude angle at the beginning of the deployment is decreased, because the main body is less inclined by the tether tension. Fig. 13 (e) shows the motion in the case that the connection method using tethers are changed as shown in Fig. 15 . The torques (in-plane and out-of-plane) of the main body by the tethers become smaller. Thus the vibrations of spin rate and tip angle (in-plane) are converged more slowly and the attitude angle and tip angle (out-of-plane) becomes larger.
These results show that taking advantage of tether damping, the dynamic deployment at the second stage is feasible in the condition that the initial nutation, tilt angle, mass center offset of the main body are not zero and the membrane damping is zero. (a) Nominal motion using multi-particle model 
Conclusions
For small-sized solar power sail missions, the square-shaped sail and its equipment layout were proposed. The two-stage deployment of the sail was also proposed. The continuous deployment mechanism and divided deployment mechanism were introduced for static deployment at the first stage.
The multi-particle models and FEM models for the deployment of first and second stages were shown respectively. The motions calculated by multi-particle models were well accorded with those calculated by FEM models. The feasibility of continuous deployment at the first stage and dynamic deployment at the second stage were confirmed by the numerical simulations considering the initial nutation, tilt angle, mass center offset of the main body and tether damping.
